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Electronic Structure and Reactions of Transition hetal

Complexes Using Eff’~ctive Core Potentials

P. Jeffrey Hay and Celeste McMichael Rohlfing

Theoretical D~vislon, MS-J569

Los Alamos National Laboratory

Los Alamos, New Mexico USA 87545

ABSTRACT. Effective core potentials are employed to study the geometries and

binding energies of the species MCOand M(CO)4 for M=Ni, Pd and Pt, and addition

reactions of H to W(d6) and Pt(dlO) centers,
2

Wller-Plesset perturbation

theory is assessed as a ❑eans of incorporating elcztron correlation effects in

transition ●etal species.

1. JNTRODUCTI(JN

A theoretical understanding of the structures, cherrri~try, and photochemistry of

transition metal complexes w1ll require the rel~able calcrlat~on of geometries

and relative energies of the reactants, produrts, and trans~tion stntes. In

this report we summnrlze some of the recent advances employlng effective cor~

potent~als (ECP’R) for carrying out electronic structure calculations on

transition metnl species and we present representative examples lr~ th’. above

are~s.

The EcP’M emploYcd in t.hf!se c~lculntlons rl[;oronr!ly rt!pltice the corf’

electrong by an eff’cctlve one-electron potentlti] thnt is r~qulr~d to produ(:e n

nodnlc~~ p~eud[v.orbltnl $, which hn~ tlm ~nmv orhttnl uti(!r~y (ai) ns the

Hnrtree-Fock orbitnl ($1), nnd which hns t.lw idontlcnl nhup~’ as $j ln thv

valenrx rngion of the ntomm In addition, for the henvlvr nlernente (Z > 30), thn

r(!lut IviNt Ic mntrN vcloriiy and l)nrwln torrn~ nrr imp] Iclt Iy jll(:t~r~}[~r{lt.{![linto thi!
.



relativistic effective core potentials (FtECP), which are derived from

all-electron relativistic Hartree-Fock calculations.

Recently, we have published a series of ECP’S in analytic form for integral

evaluation and the corresponding basis sets for the valence orbltals. 1-3 These

include the transition ❑etals Sc-Hg and the main group elements Na-B~. A third

series of ECPS was generated for the elements K-Hg including the outer “core”

orbitals. In cases such as the K atom, where the “core” 3s and 3p orbitals can

overlap significantly with electrons on other atoms, the core approximation

breaks down and these electrons ❑ust be expl~citly included along with ti,~ other

valence electrons,

2. STRUCTURESAND ENERGIES OF META1,CARFIONYLS

We have recently completed a systematic study of the transition metal

monocarbonyls MCOand tetracarbonyls M(CO)4 for M=Ni, Pd and Pt employing ECP’S

on the ●etal atoms. A 4-31G basis was used on C and O, and a ~ls, lp, 2d]

contracted basia was used to describe the nd and (n+l)s,p orbltals of the metal.

Geometry optim~zations were carried out at the llartree-Fock (HF) level, and also

at the second-order Kller-Plesset perturbation theory (MP2) level to assess

the effcct~ of electron correlntlon. Other recent lnve~tjgmtjnn~ on NjCO

include ECP calculntjons by Rjvcs and Fenske5 and nll-elect.ron crilculritions by

Ha and Nguyen6
7

and hy Blombt?rg et HI. A1l-ol[!ctron studi(?s of Ni(CO)4 wjth

8genmi~try opt.lmjzutlon includ(! F’ncgri rIId Almlof nr~d Fllombu]mgct al. ‘ A mort~

thorough revj~w of the liternturl”, Inc]lldlng th~ I’d nn(l lJt Spe[!il!m, 1s giv(!ll jll

~~~f, 4,

TahlP 1 glvI!H th~ geometrlem nnd di~sm:lntlnll elwr~lt’~ of th~
Izl ~Lnt,q “f

thv mol~[)~:[tr.lj(~llyi~, WONhIIll ~xnmln[’ thr SCF r[*NultN flr~r4t, ‘NIV r(M-C) hnnd

Icugthn frill III tlw prvdlctd ord~’r, Nj < Pd ~ I)t , TIM?t((! 0) dlmtnnce~ pro

“2-



slightly longer than that in free CO, indicat~ng that some backbonding to the CO

U* i8 occurring, The Pd and Pt compounds have similar r(C-0) separations. while

in the Ni complex this distance is longer. This 1s in accord with stronger x

back-donatio~~ in NiCO than In PdCO and PtCO as suggested by the metal atom

ionization potentials.
1

SCF dissociation energies relative to S metal plus free

CO yield the same relative stabilities as experiment. i.e., NiCO > PtCCl > PdCO.

The MP2 results parallel exactly all of the trends found at the SCF level.

Incluslon of correlation strengthens the M-C lnteract~rn through increased

backbonding, thus shortening r(M-C) and lengthening r(C-0), The increased

importance of x back-donat~on at the MP2 level is shown by the substantial

lengthening of the ❑onocarbonyl r(C-0) relative to MP2-optinized free CO. Th~

magnitude of this r(C-0) stretch Is ❑uch larg~r than the corresponding

lengthening observed at the SCF level. The SCF-to-MP2 ~hanges in the

nonocarbonyl r(C--O)’s are also lflrfger thtin the correspnndlng chang~ in frw CO.

For the 31i stntes no bonding 1s app[lrent at the SCF level, wh~le MP2

optimization ylelda weakly bound states for NICC and PtCtJ with M-C bond lengths

of 2.2 and 2,4 A, respectively, Thu!! tlw IZrOUIIdstate of ]lne~r MCO is

lx+
predicted to be .

Tnble 11 lists the bond lcnqths nnri d~s~oclntlnll t?n~rgles calculated for th~

‘Al stntos (If ~~((~!J)4, Pd(w4, Hlld IW(;C))4. F’lrst, the trend In tlm SCF r(M C)

bond length, N1 < Pd < Pt, i~ ns expect+!d. and follows thnt for the
lE+

monocnrhony] N, with thi! Pal-C nnd Pt-C bml length~ brlt~K ~lmilar, TIN’ rrlnl Ivo

st.nhllltlcs as prc?dlcl.od by tl!v SCF dls~urlnl ’on enorEl(!N nru fii(C0)4 > Pt(CO),l

> t~d((’[))4, III ngroernent wI(II ~xl)urJmrnt ,

MI’2 ~oomutry oI~l lmlzntl~)n~ wvrv ]~(’rformivl tor NI(C())4 nlMi l’t(CO)4, nt~d It

w~i~ found thnt tho r(C-0) lMIINIIcngth wnq IIPnrlY thr FHU!IV for bol.h molr~tul~~s,

llvn[:v ol)ly thv Pd C dlNt:li~vu WItNol~t Imlzotl ut
.

tlw MI’2 Iovf!l for l’(l(( :0)4!

,.



Relative to the SCF results, the MP2 r(M-C) bond lengths are shorter due to

increased backbonding, and the r(C-0) bond lengths are longer. MP2 increases

the latter by 0.05 A to a distance slightly longer than that in MP2-optimized

free CO. The ■etal-carbonyl interaction is still weaker than that in lZ+ MCO,

since the average bond strengths ~n the tetracarbonyls are calculated to be

2.41, 1.25, and 1.46 eV for Ni, Pd, and Pt, respectively. This is not an

unexpected result since there exists a competition among four equal ligands in

the tetracarbonyls,

The agreement between experiment and the results in Table 11 is

satisfactory. The relative stabilities of the three tetracarbonyls are

predicted correctly. The MP2 bond lengths and strengths for N~(CO)4 agree

fairly well with the experimental values, considering the basis set size and

method of correlation. In conclusion, SCF and MP2 yield parallel trends.

Correlation effects are very similar between the mono- and tetracarbonyls, The

Pd specleu nre found to be the least stable of the series Nl, Pd, and Pt..

.
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TABLE 1. Results for the %+ state of MCOand the %+ state ofCO.

Bond lengths in A and dissociation energies in eV.

R(M-C) R(C-Oj De(to 1S M) De(to 3D M)

NiCO 5CF 1.044 1.134 1.30 -3,44

MP2 1.711 1.200 4.05 2.52

expt.
a) -- -- 2.97 1.23

fO.65 kO.65

PdCO

Ptco

co

SCF 2.056 1.130 0.57 0.44

MP2 1.882 ).185 1.62 2.48

SCF 2.073 1.129 0.86 -0.18

MP2 1.977 1.184 1.93 1.62

SCF -- 1,128 -— --

MP2 -. 1.172 -— -.

expt. b) -- 1.128 -- --

——

a)
Reference 9.

‘-) K. P, Huber nnd G, Herzberg, Constnnts of Dintomic MOICCUICN (Vuri Nostrand—-— ,———_—- — —...._—

Reinhold Co,, New York, 1979.)
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.
TABLE II. Results for ‘Al state of M(CO)4. Bond lengths In A and disnociatlon

energies in eV.

M R(M-C) R(C-0) De(to 1S M)

Pd

Pt

Ni SCF 1.971 1.129 3.10

MP2 1.873 1.181 9.64

a)expt. 1.82-1.04 1.12!-1 .15 6.96-7.81

SCF 2.169 1,128 1.64

MP2 2.032 (1.178) 4.98

SCF 2.202 1.128 2.22

MP2 2.100 1,1?8 5.82

a)
See Reference 4 for a summary of the experimental results.
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3. ADDITION REACTIONSOF H2 TO METALCENTERS

The well-established oxidative addition reaction of H2 to metal centers

MLn + H2 ~ LJfH2

bas often been postulated in catalytic cycles. The reaction has been observed

for d8 and d10 complexes. The model reaction for MLn=Pt(PH3)2 has been studied

by numerous investigators
10-12

using Hartree-Fock anu correlated wavefunctions

and employing relativistic ECP’S on the Pt atom, Earlier calculations
10,11

showed the stable existence of the cis - L2 !IH2 species, the initial species

formed in this reaction. Although the trans fornl appears to be the more stable,

particularly with bulky PR3 groups, the cis form has been detected recently in

solution,

Table III summarizes the results of the various studies to date including

the present results with the recentl ECP for Pt.
10-12

The previous studies ,

w},ich did not use “norm-conserving” ECP’S, differ in the basis sets employed and

(in the case of Ref. 10) in the geon,etry constraints assumed in the

calculations,

Recently Kubas et al, 14 have prepared 5-coordinate compounds M(PR3)2 (CO)3,

where M=Mo and W, tha; reversibly add hydrogen. Preliminary x-ray diffraction

studies indicated thnt the H2 bond remained intact, in contrast to the usual

8
situation discussed above for d and d10 complexes. Ab initio studle~5 were.——___

carried out on “arious Geometries of the mod(’1 compound W(PH3)2 (C[])3 lncluc]ing

G coo~dlt)iit~ side--on bonded and e[]d--on bonded H~ forms atld the 7-coordinate

d~hydrlde form, The sldt*-on bolldcd forms WC!’P found to bP stuhle reloti~’(1 tu

thP WI, t II ft’i]gm~ntt+ by 17 kcnl/mole, Thr low[!st energy form (l) had thr H H
,5 ~

{lxi:+ porul lCB1 tu t.h(i 11 W P axis but with very llttlu lmrriur ((),3 kcal/molr) to

-7-



rotation about the W-H2 axis (Table IV). The W-H distance was calculated to be

2.15 A at the Hartree-Fock level and the H-H separation was found to be 0.7g A,

only 0.05 A longer than in H2 itself. The published structure
14

showed

inequivalent W-H bonds of 1.76 and 2.12 A and an H2 distance of 0.75 A 0.16A

from low temperature x-ray diffraction. Room temperature neutron diffraction

studies suggested R(W-HJ = 1.75 A and R(H–H) = 0.86 A, although there were

problems arising from disorder in the crystal. More recent unpublished low

temperature neutron diffraction studies show equivalent W-H bonds 1.89 t 0.01 A

in length, an H2 separation of 0.82 * 0.01 A, and the Hz lying parallel to the

P-W-P axis in accord with the theoretical resl:lts.

Calculations on the as-yet unobserved 7-coordinate dihydride,5 corresponding

to the ‘xidative addition product, find it 17 kcal/mole higher than the side-on

bonded form--or nearly equal to the energy of the separate fragments. When PH3

groups are substituted for the ~-accepting CO groups, we find the oxidative

addition is 2 kcal/mole exothermic, compared with 17 kcal/mole endothermic when

three CO ligands are present. These results suggest that ligand substitution

could be used to favor either the dihydrogen or dihydrid:? forms.

Experimentally, 7-coordinate Mo(Ph3)5(H)2 complexes have been observed to

support this hypothesis,

-8-



TABLE III. Reaction energies (Ereact ), activation energies (Eact), and Pt-H

distances for the transition state in the Pt(PH3)2 + H2 reaction.

—

E E
Transition State

react act R(Pt-H)

(kcal/mole) (kcal/mole) (A)

Hartree-Fock Wavefunctions

Noell, Hay
10

-16 17 1.81

Kitaura et al.
11

-37 5.2 2.07

Low, %ddard12 -6.7 4.0 2.20

Hay -4.2 8.4 1.70

Correlated Wavefunctions

Noell, Hay
10

-5.0 16.6 [1.76]

Kitaura et al.
11

-27 7.1 [2.07]

Low, Goddard
12

-15.9 2.3 2.42

Hay--MP2 7.5 0.8 [1,70]

Hay--MP3 -8.6 4,0 [1.70]

-9”-



TABLE IV. Relative energies of various forms of W(L1)3 (L2)2 (Hz) complexes.

Relative energy, R(W-H) ,
(kcal/mole) (A)

L1 = CO, L2 = PH3

Side-on complex 0.0 2.15

Side-oh tiomplex 0.3 218

End-on complex 11 2.44

Fragments 17 a

7-.Coordinate complex 17 1.89

L1 = L2 = PH3

Side-on complex o 1.84

7-Coordinate complex -2 1.84

-1o-



References

1. P.J. Hay and W. R. Wadt, J. Chem. Phys. & 270 (1985).

2. W. R. Wadt and P. J. Hay, J. Chem. phys. ~ 284 (19d5).

3. P. J. Hay and W.R. Wadt, J. Chem. Phys. & 299 (1985).

4. C. M. Rohlfing and P. J. Hay, J. Chem. Phys. , in press.

5. A. B. Rives and R, F. Fenske, J. Chem. Phys. ~ 1293 (1981).

6. T. K. Ha and M. T. Nguyen, J. Molec. Strl’ct. 109L 331 (1984).

7. M. R. A. Blomberg, U. B. Brandemark, P. E, M. Siegbahn, K. B. Mathisen, and

G. Karlstrom, J. Chem. Phys. ~ 2171 (1985).

8. K. Faegri, Jr. and J. Almlof, J. Chem. Phys. Lett. 107, 121

9. A. E. Stevens, C. S. Feigerle, and W. C. Lineberger, J. Amer

104, 5026 (1982).

1984).

Chem. Sot.

10. J. O. Noell and P. J. Hay, J. Am. Chem. Sot. 104, 4578 (1982).

11. K. Kitaura, S. Oi.)ara and K.Morokuma, J. Am. Chem. Sot. 103, 2891 (1981).

12. J. J, Low and W. A. Goddard 111, J. Am. Chem. Sot. &. 6933 (1984).

13. R. S. Paonessa and W. G. Trogler, J. Am. Chem. Sot. ~ 1138 (1982).

14. R. Kubas, R. Ryan, B. Swanson, P. Vergamini, and H. Wasserman, J. Am. Chem.

SOC, ~0~ 451 (1984).

15. P, J, Hay, Chem. Phys, Lett. 103L 466 (1984).

-11-



\ ;’/

1/

Go

-H
oc— w=:::: I

/l
‘H

&

/p~.

\;)

/

@

oc— w —H—H

/l
~G

/p\’.

\;/

1/
$)

Oc

/

w “:::~H
~G

P

/’ (’.

\//

I &

oc— v
W+H2

/l
&

‘%

-12-


